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Abstract 
Type I reversible photochemistry of the a-subunit of phycoerythrocyanin (a-PEC) from the cyanobacterium, Mastigocladus 
laminosus, and of chromopeptides derived from both states, was studied by UV-Vis absorption and 1H-NMR spectroscopy. (1) Peptic 
peptides bearing the two isomeric hromophores were separated by chromatography in acid medium on Bio-Gel P10. This allowed a 
quantitation of the isomer composition i  denatured as well as in native a-PEC, based on the extinction coefficient of the Z-peptide 
(Bishop et al. (1987) J. Am. Chem. Soc. 109, 875-881). (2) 1H-NMR spectra of peptic chromopeptides in both states, were assigned by 
comparison with spectra of a tryptic peptide (Bishop et al., see above) and from the difference spectra. They differed mainly by the 
positions of the 10-H and 15-H signals of the chromophore, and of signals related to the substituents of ring D. (3) These signals are 
(partially) interconvertible photochemically, without effect on most of the signals derived from the amino-acid residues. (4) Phototransfor- 
mation of the native chromoprotein is accompanied by several reversible changes in the 1H-NMR spectrum, in particular by a 0.11 ppm 
shift of an isolated sinlet at 6 = 5.7 ppm assigned to the 15H-proton of the chromophore, and in the region of aromatic amino-acid 
residues. The data suggest hat the reversible phototransformation nvolves the 15,16-Z/E-isomerization f the phycoviolobilin 
chromophore between rings C and D, similar to the reaction of the phytochromobilin chromophore in the plant photoreceptor, 
phytochrome. They also indicate changed interactions between chromophore and apoprotein, in particular with nearby aromatic residues, 
in the two isomeric states. 
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I. Introduction 
Phycoerythrocyanin (PEC) is a light-harvesting antenna 
protein in some cyanobacteria [1]. Unlike the other phyco- 
biliproteins, isolated PEC shows a pronounced reversible 
photochemistry, which has been related to the a-subunit 
Abbreviations: PBsome, phycobilisome; PEC, phycoerythrocyanin; 
ot-PEC, a-subunit of PEC; 15Z-PVB, 15E-PVB, phycoviolobilin chro- 
mophore, in the 15Z and 15E-configuration, respectively; PC, phyco- 
cyanin; PCB, phycocyanobilin chromophore; Pr, Pfr, phytochrome in the 
red and far-red absorbing form, respectively; M., Mastigocladus; KPP, 
potassium phosphate buffer; TOCSY, totally correlated (NMR) spec- 
troscopy. 
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(a-PEC) [2-8]. This unusual reactivity was first observed 
by G.S. Bj/Srn [9-11] during the search for sensory pho- 
toreceptors in cyanobacteria, and then termed phy- 
cochrome b. An action spectrum reminescent of a contribu- 
tion from PEC has been reported [12], and potential signals 
have been identified [7]. However, the relation to the 
photomorphochromes and adaptachromes [13], the hypo- 
thetical sensory pigments of cyanobacteria, remains pecu- 
lative. 
The classical phototransformation f PEC and a-PEC 
involves the reversible shift of the visible absorption maxi- 
mum from -~- 570 to -~ 505 nm. These two photostation- 
ary states are referred to as P566 and P507, respectively 
(see accompanying paper [43]). Both contain, in different 
proportions, the two isomers of the photoreversibly pho- 
tochromic a-PEC, which were termed Z-a t and E-cq (the 
rationale for the nomenclature, based on the results of this 
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Fig. 1. Molecular structures of the 15Z (left) and the 15E-isomers ( ight) of the phycoviolobilin chromophore (Z-and E-PVB), with IUPAC numbering 
indicated. The conformation f the 15Z-PVB corresponds roughly to that found in the crystal structure [37], that of the 15E-isomer gives arbitrarily one of 
several possible conformations, a question which is not addressed in this report. 
and the accompanying paper, is presented in the Discus- 
sion). A second type of reversible photochemistry in a-PEC 
has recently been identified, which involves a line broad- 
ening of the 570 nm band [3,8]. The two photoreactions 
have been termed type I and type II, respectively. This 
manuscript deals with the type I photochemistry, and the 
accompanying one [43] with the relation of type I to type 
II. 
ce-PEC contains a single phycoviolobilin (PVB) chro- 
mophore bound to cys-84 by a thioether linkage [14,15]. It 
is isomeric to the phycocyanobilin (PCB) chromophore 
present in phycocyanin, allophycocyanin a d the/3-subunit 
of PEC, but has a shorter conjugation chain extending only 
over rings B, C, D of the linear tetrapyrrole (Fig. 1). Due 
to similarities in the photochromic properties of the plant 
sensory pigment, phytochrome, and the type I-response of 
(a-)PEC (see below), it has been suggested that they may 
involve the same type of chromophore photochemistry 
[3,5,6]. Chromopeptides isolated from phytochrome Pr and 
Pfr were shown by 1H_NMR spectroscopy to be 15Z- and 
15E-isomers, respectively [16], and an isomerization atthis 
methine bridge has also been suggested as the primary 
photoreaction i native phytochrome [17-22]. The type 
I-response of a-PEC may then also involve Z/E-isomeri- 
zation. The much smaller size of a-PEC (18 kDa) as 
compared to phytochrome (124 kDa), renders it a potential 
model and offered in particular the possibility to study its 
reversible photochemistry by NMR spectroscopy of the 
native chromoprotein. 
The matter was complicated by the fact that a-PEC 
preparations showed widely varying quantitative differ- 
ences in their photochemistry, as measured by their AAAI 
values ~ (see Materials and Methods for definition). How- 
ever, these variations have recently been related (mainly) 
to the status of the two internal SH-groups, and we were 
2 We are aware of the conflict in nomenclature with the phytochrome 
literature, where AAA is used without normalization tothe absorption. In
view of the varying magnitude of the light-induced isomerizations in the 
different states of PEC, normalization deemed us necessary in order to 
avoid confusion. The system used by us may, in fact, be favourable with 
phytochrome, too, if samples derived e.g. from limited proteolytic diges- 
tions are studied. 
able to obtain reproducibly a-PEC showing type I-re- 
sponses with AAA I > 90% [8]; see also accompanying 
paper). These samples greatly facilitated studies of the 
PEC photochemistry. Here, we present a study of type I 
reversible photochemistry of native a-PEC and chro- 
mopeptides derived therefrom by UV-Vis absorption and 
1H,NMR spectroscopy, from which we assign a 15Z-con- 
figured chromophore (Z-PVB) to the species predominant 
in P566, and a 15E-configured one (E-PVB) to the species 
predominant in P507 (see Fig. 1). 
2. Mater ia l s  and  methods  
Mastigocladus laminosus was cultivated in Castenholz 
medium [23] in 300 1 batches at the Gesellschaft fiir 
biotechnologische Forschung, StSckheim (Germany) and 
stored deep frozen. 
PEC was prepared by column chromatography on DEAE 
cellulose, similar to [24]. a-PEC was isolated by isoelec- 
tric focusing [8,25,26]. Several preparations of varying 
photoactivity were pooled and treated with 5 mM mer- 
captoethanol in 100 mM potassium phosphate (KPP) buffer 
(pH 7.0) to increase their type I photoactivity. The com- 
bined sample was lyophilized after exhaustive dialysis (24 
h) against 5 mM KPP buffer (pH 7.0), and stored below 
- 18 ° C until use. 
Z- and E-PVB-chromopeptides were prepared similar to 
the ones from phytochrome [16]. For the preparation of the 
E-chromopeptide, a-PEC was dissolved in 2 mM KPP 
buffer (pH 7.0) and dialysed against he same buffer for 12 
hrs with several changes of the buffer. After centrifugation 
to remove undissolved material, the a-PEC solution (0.2 
/xmol) was irradiated with 577 nm light for 30 min. 
Afterwards, the preparation was handled without delays 
and with minimum exposure to light. The solution was 
acidified to pH 1.5 by addition of concentrated HC1, and 
pepsin was added in a 1:1 ratio to a-PEC (w/w) (based 
on ;%62 = 96 000 M-1 cm-1 for the native chromoprotein 
[6]). The mixture was gently flushed with argon for 60 min 
at 37 ° C, and then immediately chromatographed at ambi- 
ent temperature on Bio-Gel P-10 (Bio-Rad) equilibrated 
with dilute HCI (pH 2.5). The E-PVB-chromopeptide 
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(Amax = 529 nm) was eluted first, followed by the Z- 
PVB-chromopeptide (Area x= 592 nm). The two fractions 
were frozen with liquid nitrogen and lyophilized at once, 
and were stable at - 18 ° C for 1 week. 
Absorption spectra were recorded with a Lambda 2 
UV/Vis  spectrophotometer (Perkin-Elmer). Actinic irradi- 
ations were performed as previously described [7,8]. The 
type I-photochemistry was quantified as before by the 
normalized amplitude of the difference spectrum (AAA~) 
[3]. The subscript ' I '  is used in order to distinguish it from 
the type II photochemistry (see accompanying paper [43]). 
Basically, the sample was first saturatingly irradiated at 
500 nm for maximum conversion to P566 (see Results). 
After recording the spectrum, it was saturatingly irradiated 
at 570 nm, and the spectrum was measured again. The 
amplitude of the difference spectrum, normalized to the 
maximum absorption of P566 (i.e., at 566 nm) after the 
first irradiation, gives AAA t. For the transformation of 
acid-denatured or proteolytically degraded PEC, AAAdena t 
has been defined analogously. Here, the extrema in the 
difference spectra occur at 506 and 598 nm. 
Proton NMR spectra of native a-PEC with type I 
photoactivity, were measured with a model AMX 500 
MHz spectrometer (Bruker, Rheinstetten) at 305 K. No 
presaturation was used. The remaining l H2HO-signal 
served as reference with `5 = 4.63 ppm. The lyophilized 
sample (containing residual KPP, see above) was dissolved 
in 1 ml 2H20 (99.8%), lyophilized, then redissolved one 
day before the NMR measurement in 0.5 ml 2H20 
(99.96%), and finally centrifuged to remove solids prior to 
the measurement. The final solution contained 0.3 mM 
chromophore and 250 mM KPP buffer (pH 7.0), and was 
kept at 4 ° C until the NMR measurement. Reversible pho- 
totransformation was carried out by the irradiation cycle 
500-577-500 nm, each for 30 min to adjust for the high 
sample concentration. For the difference spectra, the base- 
lines were corrected by a polynomal, without further data 
manipulations. 
Proton NMR spectra of PVB-chromopeptides were 
recorded with a model AM 360 MHz spectrometer (Bruker) 
at 297 K. The lyophilized E-PVB was dissolved in the 
dark in 0.5 ml of 2H20 (99.96%) containing 10 mM 
trifluoro[2H]acetic acid. After measurement, the sample 
was transformed to the Z-chromopeptide by irradiation 
with 500 nm light for 15 min, and then measured again. 
Chemical shifts ,5 [ppm] were referred to IH2HO, which 
was taken as 4.80 ppm relative to the external standard, 
sodium 3-(trimethylsilyl)propionate-2H4 (TSP) in 2H20. 
3. Results 
3.1. Reversible photochemistry ofPVB 
After treatment with mercaptoethanol, a-PEC in neutral 
KPP buffer had an absorption maximum at 566 nm after 
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Fig. 2. Absorpt ion spectra of  type I photoact ive a -PEC (AAA I = 101%) 
after denaturation with urea (6.4 M) in the presence offormic acid (1% 
v/v). (a) Denaturation after saturating irradiation of native sample with 
570 nm light. (b) Denaturation after saturating irradiation of native 
sample with 500 nm light. 
saturating irradiation with 500 nm light, this photoequilib- 
rium mixture will be called P566. After irradiation with 
570 nm light, the sample has a maximum absorption at 507 
nm, this photoequilibrium ixture will be called P507. 
The normalized amplitude of the photoreversible photo- 
conversion was AAA I = 101% (not shown). Distinct ab- 
sorption differences were retained after (dark) denaturation 
with urea (6.4 M) containing formic acid (1%, v /v )  
(Area x = 594 and 538 nm after denaturation of P566 and 
P507, respectively, Fig. 2), and also after denaturation 
under neutral conditions ( /~max = 565 and 508 nm in urea 
(6.4 M), not shown). The protein is denatured under these 
conditions and interactions between the chromophores and 
the apoprotein biliproteins are minimal, the spectral differ- 
ences must then reflect differences in the molecular struc- 
ture of the PVB-chromophore induced by the irradiation, 
and not merely different interactions with the protein. 
Whereas all previously shown spectra were due to 
mixtures of (at least) the two forms of the chromophore, 
spectra of the individual components became accessible by 
dark digestion to PVB-peptides, and subsequent chromato- 
graphic separation in the dark. Proteolysis was done in 
acidic solution with pepsin to avoid chromophore degrada- 
tion, and with a large excess of the protease to minimize 
the size of the chromopeptides and thereby minimize the 
interaction of the peptide moieties with the covalently 
bound chromophore. Digestion of a-PEC for 40, 60, 80 
min produced basically the same results if judged from 
absortion spectra and reversible photochemistry. The di- 
gest of P507 could be separated on Bio-Gel P-10 into two 
colored bands with absorption maxima t 529 and 592 nm, 
which will be referred to as P529 and P592, respectively. 
Provided that no equilibration has been taken place after 
the separation, this should represent the spectra of the two 
isomeric chromophores in their protonated states. This 
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assumption was basically supported by the NMR spectra 
(see below). However, irradiation of P592 with 500 nm 
light indicated that even this preparation contains ome of 
the other isomer: the final spectrum had even less absorp- 
tion at 506 nm than the one of the isolated peptide (Fig. 
3A). Since this sample, too, may still contain traces of the 
other isomer, all following values for equilibrium concen- 
trations etc. are minimum numbers. 
The chromophore in P592 is the same as the 15Z-PVB 
chromopeptide r ported by [14], if judged from absorption 
spectra (Fig. 3C) and 1H-NMR (trace d in Fig. 4). We 
reproduce in particular the conspicous shoulder around 400 
nm. P529 can be converted to P592 by irradiation with 500 
nm light. Based on the extinction coefficient of 38600 
M -J cm -1 for P592 [14], that for P529 form can be 
estimated from the absorption ratio observed in this photo- 
conversion (A529/A592 = 0.94) (Fig. 3A) to 36000 M -1 
cm -1. The maximum AAA of the photoconversion f the 
protonated enatured PVB chromophore is then AAAdena t 
= 127%, which corresponds to a AAE of 49000 M -1 
cm-] (see Materials and Methods and footnote (2) for the 
definition of AAA). Photoconversion is also possible in 
the reverse direction, albeit to a much lesser extent. Irradi- 
ation of the P592 form of chromopeptide with 600 nm 
light produced a decrease at 598 and an increase at 506 
nm. The difference spectrum for this interconversion i - 
duced by 600 nm light was the mirror image of that of the 
former interconversion i duced by 500 nm light (Fig. 3B), 
but its amplitude is much smaller. The AAA of 15%, 
which defines the maximum reversible photoreaction in 
the peptide under acidic conditions, corresponds to a 12% 
interconversion (based on the above value of Az~Adena t = 
127% for the conversion of P529 to P592). The spectra of 
the two chromopeptides (i.e., P529 and P592), were simi- 
lar to the spectra of the E- and Z-isomers of a free 
biliviolin studied by [27]. In contrast o cyanins, which 
generally show E-to-Z photoconversions only (see Refs. 
[22,28]), the free violins also show the Z-to-E photocon- 
version [28], which is again compatible with the behavior 
of the a-PEC chromopeptides and suggests that they differ 
by Z/E- isomerism of the chromophore. It should be noted, 
that free 15E-violins are generally not considered stable to 
acid (Falk, H., personal commmunication, 1993), but also 
that this chromophore has been much less studied than the 
biliverdins carrying three methine bridges. 
On the basis of the extinction coefficients of the dena- 
tured chromoproteins, and assuming that there is no 
(photo)conversion during dark handling of the samples 
after irradiation, it is then also possible to analyse 'back- 
wards' the isomer composition of the denatured as well as 
of the native a-PEC in both photostationary states. The 
spectrum of P566 after denaturation with acid-urea (b in 
Fig. 2B) was equal to the one of a mixture of 84% 
Z-PVB-chromopeptide and 16% E-PVB-chromopeptide 
(within the limits of error), and that of the similarly treated 
P507 (a in Fig. 2B) corresponded to a mixture of 86% 
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Fig. 3. (A) Absorption spectra of E-PVB chromopeptide n dilute HCI 
(pH 2.5) (trace a), after subsequent saturating irradiation with 500 nm 
light (Z-PVB) (trace b), and after subsequent saturating irradiation of 
with 600 nm light (trace c). (B) Difference absorption spectra trace b 
minus trace a in (A) (a), and trace b minus trace c in (A) (b). (C) 
Absorption spectrum of Z-PVB in dilute HCI (pH 2.5) after lH-NMR 
measurement (a),and after subsequent Bio-Gel P-10 chromatography (cf. 
inset in Fig. 4) (b). 
E-PVB and 14% Z-PVB. The AAA I for the P566-P507 
interconversion is 101%. Since this value corresponds to a 
70% conversion of the pure states (see above), the maxi- 
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mum AAA~ of the complete interconversion of native 
a-PEC would then amount o 144%. 
3.2. NMR spectra 
Chromopeptides 
For the spectrum of the chromopeptide derived from 
P507, the pepsin digest of P507 was purified by only 
single chromatography step on Bio-Gel PI0 in acid medium 
and with minimum exposure to light, in order to avoid any 
(photo)reactions. As seen by the rather 'clean' absorption 
spectra in the visible region (Fig. 3), this chromatography 
allowed a separation according to the isomeric state of the 
chromophore. However, the absorption at 280 nm is very 
high and indicates a considerable contamination with un- 
colored peptides. These contaminations account also for 
the abundance of signals in the the NMR-spectrum of the 
chromopeptide preparation derived from P507 (Fig. 4, 
trace b), and hence also in that of the isomer obtained after 
saturating irradiation with 500 nm light (trace c). Since this 
photoisomer is more stable to light (and also otherwise), 
the mixture was was subsequently more highly purified by 
two additional chromatography steps on Bio-Gel P-10 with 
dilute HC1 (pH 2.5) and measured again by NMR (Fig. 4, 
trace d, and Table 1). The re-purification removed many of 
the signals that dominated the crude chromopeptides (see 
also the reduction of the 280 nm band, Fig. 3c) and 
emphasizes previously minor signals (see, for instance, the 
aromatic region of the signals around 3.5 ppm), but de- 
creased also the signal-to-noise ratio considerably. 
The spectrum of this chromopeptide shows a similar 
broadening but differs otherwise distinctly from that of the 
pure 15Z-PVB chromopeptide studied by [14]. This is not 
unexpected in view of the different proteases being used 
by these authors (trypsin) and in this study (pepsin). The 
low-field region indicates, for example the presence of an 
aromatic amino acid residue (phe), which is absent in the 
tryptic tripeptide investigated in detail by [14]. The partial 
assignment of chromophore signals (Table 1) is based (i) 
on a comparison of spectrum (d) with that of the tryptic 
chromopeptide assigned by [14], and (ii) on the difference 
spectrum of the photoreaction f the crude chromopeptide 
mixture (Fig. 4, trace a). Unless there are extensive pep- 
tide-chromophore interactions, most of the difference sig- 
nals (trace a) are expected to arise from the chromophore. 
Both assignments are consistant for isolated signals (e.g., 
those for the methine protons at = 6.4, = 7.6 and = 2.1 
ppm). In cases where signals expected from the assignment 
of [14] occur in crowded regions, there is in most cases a 
distinct difference signal at or near the expected position. 
The only difference signals which do not fall into this 
pattern are those centered at = 4.21 and = 1.84 ppm, and 
possibly also (part of) that at 3.05 ppm. These signals 
belong probably to amino-acid residues and indicate non- 
negligible interactions of the chromophore with the pep- 
tide. While the difference signals centered at 4.21 and 3.05 
ppm might be related to the binding amino acid, cystein, 
the high-field signal must be due to an aliphatic residue 
not directly linked to the chromophore. 
When compared to the reference peptide, the respective 
signals in the presumed Z-chromopeptide(s) ee below) 
occurred within 0.05 ppm. These variations are likely to 
originate from the different sample concentrations u ed 
(0.2 (here) vs. 1.6 mM [14]), which was dictated mainly by 
Table 1 
1H-NMR assignments for the Z- and E-PVB chromophore signals in chromopeptides from a-PEC in 10 mM trifluoro[2H]acetic acid/2H20 at 297 K 
Chemical shifts (t5 [ppm]) 
E-PVB a Z-PVB a Difference signal Z-PVB b PVB c 
Assignment 
7.56/7.51 d 7.65/7.59 d + 7.65/7.59 d 7.69 10-H 
6.40/6.39 d 6.34/6.29 d + 6.34/6.29 d 6.39 15-H 
f f f 4.63 4-H 
4.19 e 4.24 + 4.24 4.27 9 
e e ( + ) 3,67 3.69 5-H 
3.12 3.12 + 3.13 3.09 g 8,12-CH2CH2CO2 H 
2.70 2.70 + 2.72 2.69 g 8,12-CH2CH2CO2 H 
e e + d 2.67 5-H 
2.29 2.37 + 2.37 2.35 18-CH2CH 3 
2.07 2.17 + 2.17 2.19, 2.17, 2.14 2,7,13,17-CH 3
1.83/1.80 1.87 + 1.87 1.87 ? 
1.54 e 1.58 e + 1.40 1.45 31-CH3 
1.00 1.06 + 1.06 1.01 18-CH2CH3 
a Crude peptic chromopeptide preparation from P506 (cf. curve a in Fig. 3C). The chromopeptide of Z-PVB was obtained after saturating irradiation of the 
E-PVB-peptide with 500 nm light. 
b Further purifed chromopeptide (see inset in Fig. 4 and Fig. 3C, trace b). 
c Data from Bishop [14]. The isomer state was not specified, but judged from the data give, corresponded to the peptide derived from P566. 
d Split signal, see text. 
e Ambiguous assignment. 
f Signal is on the shoulder of the large solvent signal and cannot be positively identified. 
g Due to extensive overlap, no precise positions are given for these signals by [14]. 
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Fig. 4. I H-NMR spectra in the low- (A) and high-field (B) region of 
o~-PEC chromopeptides (0.2 mM, 60 min digestion with pepsin) in ZH20 
containing CF3COOZH (10 mM). (a) Difference spectrum (c) minus (b), 
multiplied by a factor of 2. (b) Spectrum of the crude chromopeptide 
obtained by pepsin digestion of oL-PEC, which was saturatingly pre- 
irradiated with 570 nm light. (c) Same sample after irradiation for 15 min 
with 500 nm light (Z-PVB) (an absorption ofthis sample is shown in Fig. 
3C, trace a). (d) Sample (c) after another purification (cf. Fig. 3C, trace 
b). Lines are set to guide the eye. In the high-field region, they do not 
always correspond tothe signals listed in Table 1. 
the necessity to isolate an isomerically pure sample. They 
may also be due to slightly different acid concentrations, 
and last but not least to different peptide moieties. 
A feature not seen in the Z-chromopeptide spectrum 
reported by [14], is a splitting of some of the signals, 
which is most obvious for the rather isolated methine 
protons H-10 and H-15. This heterogeneity is even still 
evident in the spectrum of the more highly purified 15Z- 
PVB-peptide (trace d in Fig. 4, Table 1). Its origin is 
presently unclear. It could be due (i) to the presence of a 
mixture of peptides not separated by us, which show some 
residual interaction between the peptide moiety and the 
chromophore (see Ref. [29]), or (ii) to a stereochemical 
heterogeneity at C-4, which in a cyclic-helical conforma- 
tion is likely to influence also the rings C and D [30-32]. 
An acid-induced isomerization at this position is well 
conceivable. Aggregation can probably be ruled out, be- 
cause the patterns of, for instance, the methine proton 
signals are similar in spectra (c) and (d), which were taken 
at different sample concentrations. 
The spectral changes induced by the phototransforma- 
tion are independent of these complications, since they 
were obtained from the same sample immediately before 
and after irradiation with 500 nm light (traces b, c). The 
assignment of signals in the isomeric chromopeptide de- 
rived from P507 was done from the positions and intensi- 
ties of the signals in the difference spectrum, and by a 
comparison of the signal forms in both states. This assign- 
ment is again straightforward for isolated signals, but 
ambigous for others. Between the two photoisomers (traces 
b and c), there are only small shifts for most of the 
identifiable signals. P529 and P592 give thus rather similar 
~H-NMR spectra. Photoreactions like addition, elimina- 
tion, sigmatropic rearrangements are expected to yield 
much larger changes and were therefore ruled out. How- 
ever, all shifts were well compatible with an E-to-Z iso- 
merization at one of the methine bridges (C-10, C-15). The 
split signal at = 7.6 ppm assigned to the 10-H is shifted 
by 0.09 ppm to lower field, that at -~ 6.4 ppm assigned to 
the 15-H exhibits a shift of 0.08 ppm in the opposite 
direction. Sign and size of the 15-H changes correspond to 
shifts reported for the 15E-to-Z photoisomerization of 
several biliverdins including phycocyanin and phy- 
tochrome-peptides (e.g., [33,34]). The size of the 10-H 
shift is larger than in these compounds. This may be the 
result of the changed conjugation system, which extends 
over all four rings in the model compounds, but only over 
three the phycoviolobilin. It could also indicate an isomer- 
ization at C-10. The latter are unstable in the 'bilatrienes' 
like biliverdin [35,36], but there is no comparable study on 
a '  biladiene-bc' like the phycovilobilin chromophore. There 
is, to our knowledge, only a single NMR-study of another 
violin [27]. It should also be noted that the sign depends on 
the solvent and both high- and low-field shifts are reported 
in the literature. An isomerization at C-15 is suggested by 
another observation: the A2B 3 system of the 18-CH2CH 3 
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Fig. 5. (A) 1H-NMR spectra of a-PEC (0.3 mM) in KPP buffer (250 
mM, pH 7.0) after 30 min irradiation with 500 nm light (1), after 
subsequent 30 min irradiation with 570 nm light (II), and after subsequent 
30 min irradiation with 500 nm light (Ill). (B) Difference spectra II minus 
I (a) and II minus III (b) in the low-field region. Peaks which are not 
identical within the noise level in the two difference spectra re labeled 
CO'"  
substituents resonates at = 1.0 and 2.3 ppm. Upon photo- 
transformation of P529 these signals are shifted by 0.08 
and 0.06 ppm, respectively, to lower field. At the same 
time, the signals of the 8- and 12-CHeCH2CO2H sub- 
stituents adjacent to the 10-methine bridge are hardly 
affected (Fig. 4a and b, Table 1). These spectral shifts are 
also well compatible with the ones observed for the 15E- 
to-Z photoisomerization f PCB-peptides [34]. these data 
therefore support the conclusion that P529 contains the 
15E- and P592 the 15Z-PVB chromophore. 
Native ct-PEC 
To further evaluate this proposal, a-PEC was also 
studied in the 'native' state by ]H-NMR spectroscopy after 
alternating saturating irradiation with 500 and 570 nm light 
(Fig. 5). Due to the size of the protein, all signals are 
broadened, and peak positions are probably accurate only 
to 6 .-~ 0.02 ppm. The signal-to-noise ratio is furthermore 
limited by the solubility of the sample (< 0.3 mM). The 
phototransformation of P566 to P507 by irradiation with 
570 nm light, caused changes over the entire spectrum. 
which were almost completely reversible after a second 
irradiation with 500 nm light. This reversibility is bettter 
discernible by a comparison of the difference spectra of 
the 'forward' and 'backward' photoreactions, which is 
shown for the low-field region in Fig. 5B. They are 
identical within the noise limits, except for three narrow 
features centered at = 7.7, 7.3 and 7.06 ppm which judged 
by there linewidths are not derived from the protein, and 
for some minor signals (e.g., at 6 = 6.45 ppm) 3. These 
signals are labelled with 'o' in Fig. 5. It is obvious from 
these difference spectra, that the photochemistry affects 
more than just a few signals, and a reasonable assignment 
is impossible at present for most of them. There is, how- 
ever, a conspicuous ignal at 5.69 ppm in P566, which 
shifts to 5.80 ppm in P507. We assign this signal to the 
15-H proton for the following reasons: (1) In a fully 
IH/2H-exchanged protein, this region is generally free of 
amino-acid related signals, c~-Protons are expected only in 
very unusual cases at 6 > 5.3 ppm, and any potentially 
interfering NH-protons hould have been exchanged by 2H 
during the 24 h waiting period between dissolution in 
2H20 and the measurement. (2) The 15-H methine signal 
of the chromophore is, by contrast, expected in just this 
region (see below). (3) In TOCSY-experiments, this signal 
showed no cross-peaks, indicating the absence of vicinal or 
geminal protons. Such protons are, by contrast, present for 
a-protons, and for non-exchanging NH-protons in stable 
H-bonds. (4) The photoreversible shift is in the same 
direction and of comparable size (0.11 vs. 0.08 ppm) as in 
the chromopeptides of a-PEC. This shift would then indi- 
cate that there occurs a 15E/Z-isomerization, too, in the 
native phycoerythrocyanin. 
The assignment of other chromophore signals is not 
possible at present due to the overlap with amino-acid 
related signals in all other spectral regions. The 10-H 
proton is expected in the 7-8 ppm region, which shows 
several reversible signals (Fig. 5). Since the chromophore 
and in particular ing D is surrounded by aromatic amino 
acids [37], the extensive changes is this region are princi- 
pally compatible with an isomerization, but also with other 
reactions of the chromophore. 
Assuming a correct assignment of the 5,69/5.80 ppm 
signal to the 15-H, a distinct difference between the chro- 
mopeptide and the native ot-subunit is its position: it is 
shifted by = 0.6 ppm to higher field in the latter. This 
should not reflect a change in the protonation state of ring 
C, because it is probably also protonated in native PEC 
[37], like in phycocyanin and Pr- Also, protonation would 
shift both the 10-H and 15-H signals, whereas none of the 
potential 10-H signals (= 7.45 or = 7.55 ppm) shows a 
3 A number of reversible signals is also seen in the high-field region, 
but due to the large number of overlapping signals in this part of the 
spectrum, the interferences were large and clean difference signals were 
not obtained, no spectra re therefore shown from this region. 
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comparably large shift. The difference probably reflects 
the presence of four aromatic acid residues (His-90, Tyr-74, 
Phe-ll8, Tyr-129) within about 0.6 nm of H-15. In partic- 
ular Phe-ll8 is only 0.46 nm away in the crystal structure 
of PEC and located such that H-15 is in the shielding 
region of the ring-current induced local field [37]. 
Apart from signals assigned to 15-H of the chro- 
mophore, there were several other, presumably polypep- 
tide-related proton signals showing distinct and photore- 
versible changes (Fig. 5). As expected from the X-ray 
structure of PEC ([37]; see also previous paragraph), these 
involve aromatic signals: One shifted from 7.60 to 7.64, 
another one from 6.99 to 7.05, and the peak at 6.91 ppm is 
discernible only in P566. There are also two peaks in the 
aliphatic region (~= 0.40 and 0.53 ppm), which were 
discernible only in P507. Although such changes are quali- 
tatively understandable in view of the close proximity of 
the aforementioned aromatic and other amino-acid residues 
to the site of isomerization, a detailed analysis was beyond 
the scope of this work and has not been undertaken. 
4. Discussion 
It has been suspected from optical spectra of native 
PEC that, during reversible phototransformation of PEC 
and ce-PEC, the PVB undergoes a Z,E-isomerization at the 
15,16-double bond [5,7]. This mechanism has gained strong 
support from the absorption studies of the isomeric bilipep- 
tides, and from the NMR analysis of the isomeric bilipep- 
tides and the native a-PEC in both states. We therefore 
assign the 15Z-configuration to the isomer predominant in
P566, and call the pure isomer Z-c h, with the subscript 
indicating the type I photochemistry (see accompanying 
paper). The 15E-configuration is similarly assigned to 
P507, and the isomerically pure subunit called E-a t. This 
photochemistry corresponds to that of phytochrome. It
should be noted that a correlation between the chromopep- 
tides and the native biliprotein is strictly speaking still 
lacking in phytochrome [3,38], but combined with a com- 
parison of the optical spectra of PEC and phytochrome and 
the vibrational spectra of the latter [17-20], it provides 
support that the phototransformation f native phy- 
tochrome also involves a Z,E-isomerization. 
The major remaining difference between the two pho- 
tochromic pigments, e.g., c~-PEC and phytochrome, is then 
the red-shift of the absorption of the E-configured chro- 
mophore in native Per, which contrasts with the blue-shift 
observed in E-PEC as well as in many other 15-E isomers 
of free bilins [28]. A possible origin of the unusual behav- 
ior of phytochrome Pfr is a change in the chromophore 
protonation state during (or following) isomerization of its 
chromophore. There is conflicting evidence to this from 
vibrational spectra [17,21,22,39], and conformational 
changes as well as local charges can produce similarly 
large shifts of absorption bands [40]. The contrasting 'con- 
servative' behavior of PEC might be taken as an evidence, 
that there is in this pigment no change in protonation, and 
not even a strong change in the environment of the chro- 
mophore, but this needs further work, for example, by 
vibrational spectroscopy. A detailed NMR analysis is de- 
sirable, but appears very difficult from our present experi- 
ence due to the photolability and the poor solubility of 
ce-PEC. The native PEC holoprotein is much better soluble 
and photostable, but its photochemistry is much decreased, 
and the size (= 105 kDa for the trimer present in the 
concentrated solution necessary for NMR) is still forbid- 
ding for such a study. 
The known chromatographic differences for the Z- and 
E-phytochrome peptides [34] enabled us to separate the 
peptic chromopeptides from a-PEC according to the chro- 
mophore configuration by similar methods. As in phy- 
tochrome [16], the isomeric chromopeptides bearing the 
E-chromophore move faster on Bio-Gel P-10 with dilute 
HC1 (pH 2.5), than those bearing the Z-chromophore. Both 
the red E-PVB (Area  x = 529 nm) and the purple Z-PVB- 
peptides (Area x = 592 nm) are stable after lyophilization as 
long as light is excluded. Under the same conditions, we 
were also able to isolate E-PVB, Z-PVB, and PCB from 
dark digestion of native PEC holoprotein. In this case, 
PCB-peptide(s) derived from the /3-subunit, were eluted 
after the PVB-peptides. Since the type I phototransforma- 
tion of o~-PEC is much larger (usually = 80%) than in 
native PEC holoprotein (= 10%), it is, however, more 
convenient toisolate E-PVB from dark digestion of c~-PEC, 
even though the latter has to be isolated first by isoelectric 
focusing. 
It is noteworthy that the PVB chromophore also showed 
a reversible photochemistry, when it is uncoupled from the 
apoprotein. This is seen both for the chromopeptides and 
for the acid-urea denatured protein. The magnitude was 
only small (AAA = 15-18%), but judged from the absorp- 
tion difference, this also involved the same Z-E  isomeriza- 
tion. Since the chromophores are largely uncoupled from 
the (poly)peptide in denatured or proteolytically degraded 
PEC, the increase in the photochemistry of the native 
a-PEC must be due to interactions with the apoprotein. 
The influence of the native apoprotein is further empha- 
sized by the effect of SH-reagents in switching on type lI 
photochemistry, which most likely involves the same 
Z,E-isomerization, too (accompanying paper [43]). 
The NMR spectral changes of the apoprotein upon 
photoisomerization, can be qualitatively understood by 
ring-current effects of the chromophore on nearby amino- 
acid residues, due to a changed orientation. Principally, 
this does not only include the residues close to ring D, but 
also, for example, Trp-128 close to ring A [37]. However, 
since none of the amino-acid related signals has so far 
been assigned, it remains to be seen if this rearrangement 
can explain all shifts, or if more extensive structural 
changes have to be implied. It is a little surprising that 
some aliphatic signals also moved. An example is a signal 
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at = 0.5 ppm (not shown), which is unlikely to arise from 
the chromophore. This is different from phytochrome, 
where NMR spectra in the aliphatic proton region did not 
change [41]. However, phytochrome has a much larger 
molecular mass (124 kDa); local changes may then be 
obscured by the background or by line broadening. 
The NMR spectra of native a-PEC furthermore indicate 
a conformational heterogeneity of the chromophore. Al- 
though the 15-H signal of the E-configured chromophore 
in P507 at 6 = 5.80 ppm is fairly broad, there are two 
distinct shoulders at 6 --~ 5.81 and 5.79 ppm, and the respe 
ctive signal of the Z-configured chromophore in P566 at 
6 = 5.68 ppm has two shoulders at 6 = 5.66 and 5.64 ppm. 
These shoulders could well reflect conformational sub- 
states of the chromophore in the type I photoactive c~-PEC. 
If such sub-states exist already on the NMR time scale, 
they could explain the complex excited state kinetics of 
bil iprotein subunits observed in time-resolved fluorescence 
[42]. 
In conclusion, the results of this study suggest hat (1) 
type I reversible photochemistry of PEC and c~-PEC arises 
from Z,E  isomerization of PVB at C-15, that it is (2) 
accompanied by changes in interactions between chro- 
mophore and apoprotein, involving in particular aromatic 
amino-acids, as well as in conformation of chromophore 
and apoprotein, and that (3) denatured o~-PEC and PVB- 
peptides also show a reversible 15-Z,E  photoisomerization 
of the PVB chromophore, albeit to a lesser extent. 
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